The molecular mechanisms of viral infection through receptor-mediated endocytosis are of increasing interest since they determine the efficacies of natural infections and viral therapies. All known types of endocytosis are used and abused by viruses (reviewed in references 48 and 50) . Endocytosis segregates plasma membrane domains into dynamically overlapping internal organelles, allowing both specific and general alterations of the engulfed material (reviewed recently in ref- erences 20, 34, and 66) . For example, clathrin-mediated endocytosis (CME) rapidly retrieves specific receptors and membranes in all eucaryotic cells. Depending on the receptors, it leads to temporally and spatially controlled internalization and activation or to constitutive uptake and recycling. CME collects transmembrane receptors via the adaptor protein 2 (AP2) and a variety of accessory proteins, including Eps15, amphiphysin, and the large GTPase dynamin (for reviews, see references 8 and 51). In contrast, macropinocytosis and phagocytosis engulf large amounts of membranes, which is important for the uptake of solutes and nutrients and for immune defense. Macropinosomes are induced by actin-driven surface ruffling followed by cell type-specific endosomal maturation steps, including recycling and transport towards tubular lysosomes, as observed in macrophages (25, 31, 41, 45) . For many different cell types, macropinocytosis can be triggered by growth factors, viruses, or downstream signaling leading to the closure of lamellipodia at ruffling membranes (for reviews, see references 28, 36, 44, and 55) . It is not inhibited by GTPasedefective K44A-dynamin. Growth factors induce macropinosomes which remain largely intact and are shunted into a recycling pathway, whereas adenovirus (Ad)-induced macropinosomes have a propensity to lyse (35) . This lysis occurs simultaneously with viral escape from endosomes, suggesting a functional link between macropinocytosis and viral infection.
Fc receptors are key effectors of macropinocytosis in macrophages and dendritic cells. In these cells, macropinosomes are important for major histocompatibility complex class I and class II presentation of exogenous antigens, including viruses and Fc␥ receptor (Fc␥-R)-bound ligands (1, 22, 27, 39, 46) . In addition, they are involved in phagocytosing large particles during innate and adaptive immune responses through various cell surface receptors, including Fc-Rs. Fc␥-Rs bind immunoglobulin G (IgG) molecules and act as positively or negatively activating multichain receptors (64) . The high-affinity human Fc␥-R1 (CD64), for example, binds the Fc portion of IgGs and evokes the phagocytosis of IgG-coated particles (2) . Fc␥-R2 (CD32) is a medium-affinity receptor that mainly binds to aggregated IgGs, and Fc␥-R3 (CD16) binds poorly to monomeric IgG and has a low affinity for aggregated IgGs (57, 64) . The clustering of macrophage Fc␥-Rs by multimeric Ig complexes then leads to internalization and signaling through immune receptor-based tyrosine motifs, with tyrosine and lipid kinases closing the phagocytic cup (9, 21) .
The Fc-R-mediated endocytosis of viruses is physiologically important (23) . For example, antibody-loaded Ad type 5 (Ad5) was recently shown to efficiently bind to and internalize in dendritic cells, dependent on Fc␥-R2 and Fc␥-R3 (37) . However, it is still unknown how Ad5 transduces dendritic cells, a process thought to be crucial for the activation of CD8-positive T cells commonly observed with therapeutic Ads. For this study, we investigated the transduction mechanism of species C Ad2 and Ad5 targeted to the Fc␥-Rs of THP-1 acute hemocytic leukemia cells by a soluble adaptor of the extracellular domain of the coxsackievirus B Ad receptor (CAR) and the Fc portion of a human IgG (CARex-Fc) (10) . THP-1 cells are known to express both the high-affinity Fc␥-R1 and the lower affinity Fc␥-R2, but not Fc␥-R3. Retargeting involves Fc␥-R1, since only anti-CD64 antibodies inhibited Ad5 transduction and since cells expressing Fc␥-R2 or Fc␥-R3, such as primary NK cells, Raji Burkitt lymphoma cells, and K562 chronic myelogenous leukemia cells, were not transduced with Ad5-CARex-Fc. Our results now reveal that the majority of Ad particles are internalized in THP-1 cells by phagocytosis and that the lysis of Ad-containing phagosomes requires early stages of clathrin-coated pit formation. This is functionally similar to infections of epithelial cells with species C Ads, for which viral uptake and signaling occur through CME and elicit endosomal leakage, lysis of macropinosomes, and infection.
slightly shifted the peak towards green fluorescence (FL1), which was taken into account when we defined the gate for eGFP expression. Typically, about 15 million cells were used to recover 300,000 cells. Lysates of the sorted cells were subjected to luciferase activity measurements. Dextran-fluorescein isothiocyanate (FITC) uptake into suspended THP-1 cells was measured by FACS analysis as described for KB suspension cells (35) .
Electron microscopy. For transmission electron microscopy (TEM), 5 ϫ 10 (43) . EM analysis of Tfn-R internalization was performed as described above for virus-infected cells. THP-1 cells (5 ϫ 10 5 ) were incubated in Hanks medium containing 0.2% bovine serum albumin (BSA) in the cold with a monoclonal antibody directed against human Tfn-R at a dilution of 1:100 for 45 min. The cells were washed twice by centrifugation at 190 ϫ g and then incubated with a secondary goat anti-mouse IgG coupled to 5-nm-diameter gold particles (2 g/ml). The cells were washed twice, suspended in 500 l of warm Hanks medium-0.2% BSA, and incubated in an orbital reaction tube shaker (Eppendorf; speed setting 10) at 37°C for 30 min. The cells were pelleted by centrifugation, suspended in EM fixative, and processed for TEM as described above.
RESULTS
CARex-Fc Ad clusters bind and transduce THP-1 cells. Hematopoietic cells are difficult to transduce with species C Ad vectors because they express low levels of the cell surface proteins CAR and ␣ v integrins (42) . CARex-Fc adaptors, however, mediate viral binding to hematopoietic cells with up to 250-fold enhanced transduction rates (10) . In nonreducing SDS-polyacrylamide gel electrophoresis (SDS-PAGE), the CARex-Fc protein runs as a dimer, consistent with the dimeric nature of IgGs (64) and the extracellular domain of CAR (58) . We first analyzed the binding to THP-1 cells of [ 35 S]methionine-labeled Ad2 that had been preincubated with different amounts of CARex-Fc. Ad2 binding depended on the dose of CARex-Fc, with optimal binding at ratios of about 120 to 600 CARex-Fc dimers to each Ad particle (Fig. 1A) , consistent with an optimal ratio of about 300 CARex-Fc dimers to each Ad particle (10) . An EM analysis of negatively stained Ad2 incubated with a 300-fold molar excess of CARex-Fc directly visualized viral aggregates with a typical cluster size of 30 to 50 particles and ranging up to 100 particles, with diameters ranging from one to several micrometers (Fig. 1B) . In addition, a small number of single particles was detected, comparable to purified Ad2 without CARex-Fc. We next analyzed the CARex-Fc-coated Ads in sucrose velocity gradients. Different amounts of CARex-Fc were incubated with radiolabeled Ad2, centrifuged through sucrose, fractionated, and analyzed by liquid scintillation counting. At 300 CARex-Fc dimers per Ad particle, about 30% of the particles were recovered in fractions that were denser than Ad2 alone ( Fig. 2A , fractions 9 and 10 and pellet). Ratios of CARex-Fc to Ad2 as low as 3 still gave rise to aggregates, whereas a large excess of 6,000 CARex-Fc dimers per Ad2 particle did not lead to aggregates, indicating VOL. 79, 2005 VIRAL ESCAPE FROM PHAGOSOME 2605 that saturation had occurred (not shown). SDS-PAGE analyses of sucrose velocity gradients indicated that aggregates of 300 CARex-Fc dimers per Ad contained about 200 CARex-Fc dimers associated with each virus particle (Fig. 2B ). This was about sixfold more than expected, assuming that 12 trimeric fibers per Ad would each bind three CARex-Fc dimers.
Whether these large amounts of CARex-Fc in the viral aggregates were due to the small fraction of trimeric CARex-Fc adaptor, detected by its apparent molecular mass of about 170 kDa, is unknown. In contrast, particles recovered from the middle of the gradient and forming bands at the same locations as untreated particles ( Fig. 2A ) contained 10 to 20 CARex-Fc dimers per Ad, that is, single particles whose fibers were all coated with at least one adaptor (Fig. 2B ). Above these fractions, the loading zone of the gradient was highly enriched with free CARex-Fc. In transduction experiments with THP-1 cells, the isolated aggregates or a mixture of aggregates and free Ad5-luc was three-to fourfold more effective than single Ads recovered from the middle of the gradient on a per virus basis ( 3 H]Ad2 (38,000 cpm) was preincubated with 32 g of either BSA or CARex-Fc on ice for 45 min (0 and 300 CARex-Fc dimers per Ad particle, respectively), loaded on a sucrose step gradient (0.5 ml of 15%, 0.4 ml of 20%, and 0.2 ml of 30% sucrose), and centrifuged at 8,570 ϫ g for 25 min, and the amount of 3 H in each fraction was determined by scintillation counting. (B) Aliquots of combined sucrose gradient fractions (1.4% of each) and an aliquot of the total material loaded on the gradient (mix) were precipitated with trichloroacetic acid, dissolved in partly reducing SDS sample buffer, and analyzed in a 10% polyacrylamide-SDS gel, which was then stained with silver as described previously (24) . Standards of Ad2 and CARex-Fc ranging from 0.08 to 2 g are shown on the right side. The Ad hexon protein was detected at 111 kDa. CARex-Fc oligomers ran at 180 kDa, and two differentially glycosylated forms of CARex-Fc monomers ran at 60 and 55 kDa (10). (C) Equal amounts of isolated single particles (fractions 5 and 6), viral aggregates (fractions 9 and 10 and the pellet), and the nonfractionated mixture of Ad5-luc and CARex-Fc (mix) were added to 10 5 THP-1 cells at MOTs of 150, 15, and 1.5. The luciferase activity was determined at 12 h posttransduction, as indicated by the means of three parallel samples in relative light units (RLU) normalized to the cell numbers, including standard errors of the means (SEM).
adaptor at transducing THP-1 cells (data not shown). Furthermore, CARex-Fc-mediated transduction was not sensitive to the integrin inhibitor cyclic arginine-glycine-aspartate (cRGD) (Fig. 3A) , which blocks Ad2 entry into epithelial cells (18, 62) . Likewise, cRGD did not significantly inhibit the stimulation of fluid-phase uptake of dextran-FITC, as measured by flow cytometry, suggesting that RGD-binding integrins, such as ␣ v integrins, were not involved in Fc␥-R-mediated transduction (Fig. 3B) . We concluded that a mixture of single Ads and Ad aggregates in association with CARex-Fc adaptors effectively transduced THP-1 cells and strongly enhanced the uptake of fluid-phase material.
Phagocytosis of Ad-CARex-Fc clusters. The stimulation of fluid-phase endocytosis by CARex-Fc was also observed with the Ad2 mutant ts1, although it was not as pronounced as that with wild-type Ad2 (Fig. 4A and C) . In epithelial cells, ts1 fails to escape from endosomes due to an unprocessed capsid structure (17) . The dextran-FITC uptake peaked at 30 to 300 CARex-Fc dimers per Ad particle, and stimulation declined at the high ratio of 6,000 CARex-Fc dimers per Ad, consistent with the lack of aggregates and with viral delivery to the cytosol (not shown). Quantitative EM analyses indicated that at 300 CARex-Fc dimers per Ad, 57% of the cell-associated Ad2 particles were present in the cytosol and 15% were present at the nuclear membrane (Fig. 4B) . The rest were equally distributed at the plasma membrane and in endosomal vesicles, including phagosomes. Clusters of 30 CARex-Fc dimers per ts1 particle were also efficiently phagocytosed and released into the cytosol, albeit with a somewhat lower efficiency than that for Ad2 particles (Fig. 4D) . The same result was obtained with 300 CARex-Fc dimers per ts1 particle (not shown), suggesting that the nature of the capsid also contributes to viral escape from endosomes. Interestingly, Fc␥-R-targeted ts1 aggregates escaped more efficiently from THP-1 phagosomes than ts1 particles from HeLa cell endosomes (P ϭ 0.05), indicating that Fc␥-R ligation contributes to viral escape. We concluded that CARex-Fc-formed clusters of Ad and ts1 bind to Fc␥-R-positive THP-1 cells, are internalized by phagocytosis, and give rise to the majority of cytosolic Ad particles.
Clathrin is required for escape of Fc␥-R-targeted Ad from phagosomes. Earlier observations suggested that impairing the function of clathrin (49), dynamin 2 (14), or amphiphysin 2 (13) depressed the phagocytic efficiency of cells. A recent report, however, showed that the inhibition of dynamin or the reduction of clathrin by the expression of antisense mRNA had no effects on the formation of phagosomes in mouse RAW-264.7 macrophages (56). We investigated the requirement of clathrin for the phagocytosis of CARex-Fc Ad clusters, taking advantage of recent reports showing a functional knockdown of the clathrin heavy chain (CHC) by siRNAs in epithelial cells (26, 40) . THP-1 cells were transfected by nucleofection with siRNAs against CHC (hc1 [26] and chc2 [40] ) or with a siRNA against eGFP as a control. Cells were transfected again after 2 days and were transduced on day 4 with CARex-Fc Ad5-luc aggregates (300:1) for 24 h. The abundance of CHC was assessed by Western blotting 0 and 24 h after transduction (Fig.  5A) . The hc1 siRNA reduced the levels of CHC to 25 and 13% at 0 and 24 h posttransduction, respectively, and the chc2 siRNA reduced the levels to 43 and 31%, respectively, of control cell levels. In contrast, the siRNA against eGFP gave 108 and 80% of the control clathrin levels, normalized to the amounts of the 58-kDa protein band in parallel silver-stained SDS gels or to the amounts of CRM1 on the same nitrocellulose filter. Cell treatment with the hc1 siRNA reduced the levels of luciferase expression about 50%, and the chc2 siRNA treatment reduced the levels about 20% compared to those in eGFP siRNA-treated cells (Fig. 5B) . These inhibitions were not due to decreased levels of cell surface Fc␥-R1 or to reduced cell viability, as determined by flow cytometry (data not shown). A TEM analysis indicated that Ͼ54% of the Ads were in endosomal or phagosomal structures of hc1 siRNA-treated cells, whereas only 33% of the Ads were enclosed by membranes in eGFP control siRNA-treated cells or cells that were not treated with siRNA at 60 min postinfection (Fig. 5C) . In eGFP siRNA-treated cells and non-siRNA control cells, virus particles were often found in cytosolic clusters without a limiting membrane. In hc1 siRNA-treated cells, the amount of cytosolic Ads was reduced to 30% of the total cell-associated virus, in contrast to about 60% in either type of control cells. The amounts of cell surface Ads were significantly increased, from 5 to 16% (P ϭ 0.025), suggesting that a small fraction of Ad particles enter by CME. This indicated that clathrin is required for phagosomal escape but not for the phagocytic uptake of Ad.
Fc␥-R-mediated transduction of THP-1 cells requires early stages of clathrin-mediated endocytosis. CME can be inhibited by overexpressing a dominant-negative Eps15 protein which tightly binds to the alpha subunit of AP2 (5) (42) were preincubated with or without 0.2 mM cRGD or 0.2 mM NLS control peptides for 30 min at 37°C, followed by incubation with Ad5-eGFP CARex-Fc mixtures (0.9 g of Ad5; 300 dimers/Ad particle) for 60 min in the cold. Under these conditions, about 5% of the input virus was bound, corresponding to an MOT of 35. The cells were washed and incubated in warm medium for 24 h and then subjected to flow cytometry for eGFP measurements. The means of three independent experiments are shown, including standard deviations. (B) THP-1 cells (5 ϫ 10 5 ) pretreated with or without 0.5 mM cRGD peptides were incubated with Ad2 (13.5 g) that had been preloaded with CARex-Fc at a ratio of 120 dimers/Ad particle in the cold for 60 min (MOT ϭ 300). The cells were washed, warmed at 37°C for 5 min, pulsed with dextran-FITC (1 mg/ml) at 37°C for 5 min, and analyzed by flow cytometry. The results are expressed as levels of stimulation of dextran uptake compared to uninfected cells. Results for one of three representative experiments are shown.
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VIRAL ESCAPE FROM PHAGOSOME 2607 inhibits the recruitment of NPF-motif-carrying accessory proteins such as synaptojanin, epsin, and AP180 (8) . This blocks the formation of clathrin-coated vesicles at an early stage, that is, it results in flat clathrin-coated membrane lattices. At a later stage of CME, amphiphysin interacts with dynamin and synaptojanin via its C-terminal SH3 domain. The G684R,P687L (GPRL)-amphiphysin 1 mutant with a defective SH3 domain does not interact with dynamin and synaptojanin and inhibits CME at a late stage of clathrin-coated pit assembly (52, 54) . We tested whether the disruption of CME by dominant-negative eGFP-tagged Eps15⌬EH2,3 and eGFP-GPRL-amphiphysin would affect the transduction of Ad5-luc-CARex-Fc clusters. Nucleofected THP1 cells were transduced with Ad5-luc for 24 h, isolated by FACS based on eGFP expression, and analyzed for luciferase expression (Fig. 6A) . eGFPEps15⌬EH2,3 inhibited luciferase expression about 80% (Fig. 6B ), similar to dominant-negative K44A-Dyn2-eGFP, which interfered with the phagocytic uptake of Ad5 clusters (not shown). Strikingly, eGFP-GPRL-amphiphysin1 only slightly (about 15%) inhibited the expression of luciferase compared to control transfections. eGFP-Eps15⌬AP2, which does not bind to AP2␣, and eGFP-tagged wild-type amphiphysin 1 had no effects on luciferase expression. We assessed the effects of eGFP-Eps15⌬EH2,3 and eGFP-GPRL-amphiphysin1 on Tfn-R endocytosis in THP-1 cells by pre-embedding immuno-EM at 30 min postinternalization, using an antiTfn-R monoclonal antibody and a secondary anti-mouse IgG tagged with 5-nm-diameter colloidal gold in the absence of virus. In control cells and Eps15⌬AP2-and wild-type amphiphysin 1-expressing cells, gold particles indicative of Tfn-R were found on endosomal membranes and on the plasma membrane (Fig. 7) . Cells expressing eGFP-Eps15⌬EH2,3 or ) were doubly transfected by nucleofection with hc1 and chc2 siRNAs against CHC and with a siRNA against eGFP with a 48-h interval and then were transduced with Ad5-luc. On day 4 after the initial nucleofection, i.e., at 0 h posttransduction (p.t.) and also at 24 h p.t., 2 ϫ 10 5 cells were analyzed by SDS-7.5% PAGE, silver staining, and Western blotting with antibodies against CHC and the nuclear export factor CRM1 as a control. The levels of CHC after normalization to the amount of untransfected cells (mock) and loaded protein are indicated. VIRAL ESCAPE FROM PHAGOSOME 2609 eGFP-GPRL-amphiphysin1 internalized significantly less Tfn-R, amounting to 16 and 11%, respectively, in contrast to 53 and 44% of the control cells (P Ͻ 0.01 and P ϭ 0.025, respectively). Together, these data show that early stages of CME are required for both the phagosomal escape and transduction of THP-1 cells by Fc␥-R-targeted Ad clusters and also for the uptake of presumably single Ad particles. The former delivers the bulk mass of Ad particles into the cell, and the latter delivers a small number of particles. In contrast, blocking the late stages of CME inhibited clathrin-dependent viral uptake but not the phagocytic uptake of Ad clusters or the phagosomal escape and transduction of THP-1 cells.
DISCUSSION
Viruses have evolved to utilize and modify a variety of endocytic uptake mechanisms for cell entry and regulation. The viral choice of a particular entry pathway is based on the availability of primary and secondary receptors, the kinetics and capacity of the endocytic processes, and the subcellular routing of the engulfed material. Normally, a virus strain enters a host cell by a few predominant pathways. When the predominant pathway is blocked or not available, alternative entry gates are used, but these are usually less efficient and may lead to attenuated infections. Many experiments which retargeted viruses from their native receptors to alternative receptors have shown that cell surface attachment is often insufficient for sustained viral entry and gene expression (for reviews, see references 29, 32, and 61). For example, the targeting of Ad to the CD21 or CD34 receptors of hematopoietic cells or the Tfn-R of brain microcapillary endothelial cells yielded virus binding to the target cells, but transgene delivery was low (65) .
For this study, we targeted Ad to the high-affinity Fc␥-R1 (CD64) of hematopoietic leukemia cells lacking CAR and essential ␣ v integrins through a bispecific soluble adaptor, CARex-Fc. This strategy may be of general importance for clinical applications of both lytic and therapeutic transgenebearing viruses, since CD64 is expressed on subtypes of acute myeloid leukemia (AML) cells, monocytes, and macrophages but not on mature dendritic cells. Notably, the survival rates for AML patients treated with conventional therapies are low (4) . AML cells are particularly accessible for gene therapy since the techniques for bone marrow and blood cell transplantations are well established and, importantly, transductions can be performed ex vivo.
Our analyses of ex vivo transduction mechanisms suggested a cooperative involvement of two distinct endocytic pathways, the phagocytic uptake of large clusters of viruses and early stages of clathrin-mediated uptake of single particles. Phagocytosis is responsible for the internalization of the bulk mass of Ad-CARex-Fc clusters, while the clathrin pathway is involved in breaking open the limiting phagosomal membrane and delivering infectious endocytic virus particles to the cytosol. Importantly, the clathrin pathway was not involved in the phagocytic uptake of Ad clusters, e.g., by recycling membranes to phagosomal cups. Breaking of the phagosomal membrane was found to be inhibited in clathrin knockdown cells or cells expressing a dominant-negative accessory protein of CME, Eps15 lacking two of its three EH domains. In addition, isolated viral clusters were fully efficient only if they also con- tained single Ad particles coated with CARex-Fc, supporting the notion that CME is directly rather than indirectly required for phagosomal lysis. Both clathrin and Eps15 are involved in early steps of the formation of clathrin-coated vesicles. Eps15 binds to the clathrin adaptor AP180 and thereby stimulates the formation of clathrin-coated membrane domains. These interactions occur between the EH domains of Eps15 and the NPF motifs of AP180 (33, 38) . Intriguingly, dominant-negative GPRL-amphiphysin1 did not affect the efficacy of Fc␥-R1-mediated Ad5 transduction. GPRL-amphiphysin1 has a defective SH3 domain and does not interact with dynamin, thus blocking CME at the step of invaginated coated pits (15, 47) . This was verified by measurements of Tfn-R uptake in transfected THP-1 cells. Therefore, the formation of late but not early stages of clathrin-coated pits without vesicle detachment from the plasma membrane gives rise to the full potency of phagocytic transduction via the Fc␥-R. We propose that clathrin-coated pits serve as a signaling platform from which a virus can induce phagosomal lysis. This is consistent with the notions that Fcε-R1 and Fc␥-R2A internalize small clusters of ligands by CME and that CME-associated Fcε-R1 engages discrete signaling complexes while larger clusters of ligands are engulfed by phagocytosis (6, 63) . Our CARex-Fc-Ad clusters are considered to be of a medium to large size (1 to 3 m), but they also contain small amounts of single virus particles coated with the adaptor. It is possible that single Ad particles engage Fc␥-R1 or Fc␥-R2A, thus inducing CME. Notably, antibodies against Fc␥-R2 did not inhibit the transduction of CARex-Fc-Ad clusters in THP-1 cells (not shown), whereas anti-Fc␥-R1 antibodies had a strong blocking FIG. 7 . eGFP-Eps15⌬EH2,3 and eGFP-GPRL-amphiphysin1 block transferrin uptake in THP-1 cells. THP-1 cells (15 ϫ 10 6 ) were transfected by nucleofection with eGFP-tagged plasmids encoding Eps15⌬EH2,3, Eps15⌬AP2, amphiphysin 1 (Amph1), and Amph1-GPRL for 24 h. The eGFP-sorted cells were starved of serum in Dulbecco modified Eagle medium-BSA for 4 h, incubated in the cold with mouse anti-transferrin receptor monoclonal antibodies and anti-mouse IgG coupled to 5-nm-diameter colloidal gold, warmed for 30 min, and processed for TEM (for the complete experiment, also see Fig. 6 and its legend). The numbers of gold particles on the plasma membrane (arrows) and on endosomal membranes (arrowhead in panel c) were determined, and the amounts of endosomal gold represented in panel d are percentages of the total, including the number of gold particles (n) and the number of cells analyzed.
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VIRAL ESCAPE FROM PHAGOSOME 2611 effect (10) . Given that the spatial relationship between CME and phagocytic cups is unknown, Ad-bearing clathrin-coated pits may be formed on the phagosomal membrane or on the nearby plasma membrane (3, 56) . It is possible that CME of Ad particles occurs on the phagosomal membrane and there induces disruption of the phagosome. Since the plasma membrane is not disrupted in Ad-infected cells, this scenario would require a differential mechanism for CME on the phagosomal membrane versus that on the plasma membrane. Interestingly, it has been suggested for mouse RAW-264.7 macrophages that Tfn-R endocytosis from phagosomal membranes is independent of K44A-dynamin, unlike Tfn-R endocytosis from the plasma membrane (56) . Alternatively, Ad particles in clathrin-coated pits of the plasma membrane may elicit signals that are received by the phagosomes and that trigger phagosomal lysis. We have analyzed this possibility by using epithelial cells, in which Ad2 entry by CME was blocked by dominant-negative forms of CHC, Eps15, or the GTPase-defective K44A-dynamin (35, 36, 59) . Coincident with viral entry, macropinocytosis is stimulated and macropinosomes are lysed within a few minutes after their formation. Although viruses are found on macropinosomal membranes, they are not sufficient for macropinosomal lysis (35) . We suggest that additional factors comprising signals from the cell surface contribute to macropinosomal and phagosomal lysis. While the lysis of macropinosomes in epithelial cells requires both CAR and ␣ v integrins, the lysis of phagosomes by Ad-CARex-Fc is independent of ␣ v integrins, suggesting that ligation to Fc␥-R1 sufficiently activates the cell. Indeed, Fc␥-Rs engaged in endocytic processes signal through the small G proteins Rac and Cdc42, through phosphatidylinositol-3-kinase, and through protein kinase C (2, 12, 60), which is strikingly similar to the case for incoming Ad in epithelial cells (16) . This signaling, together with the contribution of the virus particles themselves, is required for phagosomal lysis.
